Greywater is one of the most important alternative sources for irrigation in arid and semi-arid countries. However, the health risk associated with the microbial contents of these waters limits their utilization. Many techniques have been developed and used to generate a high microbiological quality of greywater. The main problem in the treatment of greywater lies in the nature of pathogenic bacteria in terms of their ability to survive during/after the treatment process. The present review focused on the health risk associated with the presence of pathogenic bacteria in greywater and the treatment technologies used for the disinfection processes.
improvement in the collection and treatment of greywater is very important for public and environmental health (Katukiza et al. a; Bani-Melhem et al. ) . Today, a wide range of greywater treatment technologies have been investigated to restore and maintain the physical, chemical and biological integrity of greywater pollution (Wurochekke et al. c) . Some of those technologies have exhibited an efficiency for the reduction of pathogenic bacteria and are being used on land for treatment processes, while other technologies are still under investigation. Moreover, the efficacy of the treatment technology to be applied for treating greywater depends on the ability of this technology to meet the requirements of the standard limits. The main criterion for the reuse of greywater in agriculture is pathogenic bacteria. In this review, pathogenic bacteria in the greywater, the treatment technologies used for disinfection processes and the potential of greywater as an alternative resource for irrigation are discussed based on microbiological concepts.
PATHOGENS IN GREYWATER
Although greywater does not contain faeces, unlike sewage, the concentrations of pathogens are not negligible. Greywater contains several opportunistic pathogens, such as Staphylococcus aureus and Pseudomonas aeruginosa, in addition to enteric organisms (Ottoson & Stenstrom a; Gross et al. ; Winward et al. a) . In this section, the bacterial loads of greywater are reviewed to understand the health risk associated with greywater to humans and the environment. The concentrations of pathogenic bacteria in greywater have been reported to be in the range of 5.4-8.9 log 10 CFU/100 mL for total coliforms (TC), 2.8-7 log 10 CFU/100 mL for E. coli, 2.4-4 log 10 CFU/100 mL for enterococci, 3.2-4.4 log 10 CFU/100 mL for P. aeruginosa. S. aureus ranged from 3.4 to 5 log 10 CFU/100 mL, while Salmonella spp. average 4 log 10 CFU/100 mL (Casanova et QMRA has been used by several authors for estimating the risk infection of target pathogens in drinking water (Hunter et al. , ) . Petterson & Stenström () have used QMRA for quantifying the log 10 reduction across a free chlorine disinfection drinking water. The study demonstrated the importance of accounting for variable residence time in QMRA, where the log 10 reduction of pathogens appeared high and small parcels of water with short residence time can compromise the overall performance of the disinfection system.
The hazard risks associated with the presence of pathogenic bacteria depend on the ID required to cause disease. Therefore, the bacterial contents of greywater are not necessarily an indication that the pathogen will cause infection to humans or animals. S. aureus and P. aeruginosa have the potential to cause skin infection and intestinal colonization if their concentrations exceed 10 5 and 10 6 CFU/100 mL (Maimon et al. ) .
The ID for Shigella sp. is 10-200 cells, 10 5 cells for E. coli. For non-typhoidal salmonellosis, the ID is approximately 10 3 cells, while it is 10 5 cells for enteric fever by ingestion (Kothary & Babu ; Ryan & Ray ) .
Again, the ID of the bacteria is not the main factor that detects the pathogenicity of the bacteria. Moreover, the ability of bacteria to multiply and grow in greywater may increase their number such that it reaches or exceeds an infectious dose. The potential of bacteria to reproduce in greywater relies on the available nutrients and the environmental factors, such as pH, temperature and presence or absence of competition processes with endogenous microorganisms. Therefore, Shigella sp., which has a low ID, cannot persist for a long time in the environment. Conversely, E. coli and Salmonella spp., with a high ID, can increase in the environment due to the ability of both bacteria to grow in greywater as a secondary habitat (Gordon et al. ) .
However, the health risks associated with pathogenic bacteria in greywater are not limited to their abundance and/or concentrations, but also in terms of the quality of their pathogenicity, such as antibiotic resistance. Greywater contains many antibiotic-resistant bacteria. Nuñez et al.
() examined the prevalence of antibiotic-resistant bacteria in raw greywater obtained from a channel located in the area of Ingeniero Budge, Buenos Aires Province. They showed that coliform bacteria resisted ampicillin by 34% and cephalothin by 17%. About 38% of enterococci exhibited resistance to vancomycin, while E. coli, Enterococcus faecalis and Stenotrophomonas maltophilia exhibited multi-resistance to antibiotics. Al-Gheethi et al. (a) studied the prevalence of antimicrobial resistance among E. coli, Klebsiella pneumoniae, E. faecalis and S. aureus in greywater generated from resultants at different locations in Penang, Malaysia. They showed that these pathogens exhibited multi-resistance to the investigated antibiotics (ampicillin, amoxicillin, ciprofloxacin, tetracycline and erythromycin). The presence of antimicrobial resistance among the bacterial population in greywater exacerbates the distribution of antibiotic resistance among bacterial communities. This is due to the horizontal transmission of resistant plasmid genes between bacteria. Therefore, greywater is considered to be a reservoir of antibiotic resistant bacteria, which increases the potential health risk to humans.
Regarding the health risk associated with parasites, (Haas et al. ; Toze ) . These viruses are more resistant to treatment processes and environment than bacteria.
Therefore, the presence of these viruses in greywater represents an important risk to humans and is rarely a problem for other animals. The main concern about the presence of enteric viruses in greywater is their low dose infectivity (<10 viral particles) and their long-term survival in the environment, besides the limited extent of reduction or inactivation during treatment processes (Asano ).
As mentioned before, the health hazards associated with greywater may turn into health risks depending on the environmental conditions and types of pathogens. has been suggested to be useful for indicating the presence of viruses, particularly in sludge, seawater and biosolids. This is because these organisms are relatively easy to enumerate and survive longer than FC in these environments () noted that S. aureus and P. aeruginosa survived in greywater in which E. coli was reduced to non-detectable levels (<1 CFU/100 mL). In medical waste, S. aureus and P. aeruginosa are the biological indicators for testing the efficiency of treatment processes for those wastes (Efaq et al. ) . With respect to biosolids, the US EPA () demonstrated that Salmonella spp. are bacteria of great concern as well as good representatives of the reduction of other bacterial pathogens because they are typically present in higher densities than other bacterial pathogens and are at least as hardy. 
BIOLOGICAL INDICATORS OF GREYWATER

POTENTIAL OF GREYWATER FOR RECYCLING AND REUSE IN IRRIGATION
Greywater consists of all non-toilet wastewater that contains oils, fats, detergents, soaps, nutrients, salts and particles of hair, food and lint as well as different types of microorganism. Greywater can be reused and recycled for several applications; it has been recycled as a source of biodegrading bacteria and a medium for the production of enzymes. Alrumman et al. () used potato wastewater as a simple and cheap medium for the production of α-amylase by Bacillus axarquiensis compared to starch broth medium. They found that the amount of α-amylase in potato wastewater was less than in the starch medium by 13.8%. However, after the simple addition of starch, nitrogen, phosphate and calcium into the potato wastewater medium, the production of α-amylase increased four times more than production in the starch broth medium. Phong et al. () isolated 102 bacterial isolates from the wastewater of food processing plants and restaurants in Can Tho city, Vietnam. Among these bacteria, 11 bacterial isolates exhibited good lipase production. Acinetobacteria soli strain has been proposed for wastewater treatment because of its high ability for lipid degradation.
Moreover, in arid and semi-arid countries, greywater is used extensively for irrigation. This is due to severe water scarcity, rainfall fluctuation and the rise in water pollution According to Al-Hamaiedeh & Bino (), the criteria required to reuse greywater include hygienic safety, aesthetics, environmental tolerance, and technical and economic feasibility. In this section, the potential reuse of greywater for irrigation will be discussed based on hygienic safety. and the variable addition of 0 ± 3,000 mg m À2 d À1 . They noted that the growth rate of wheat was not affected, while the lettuce yield significantly reduced with the pulse and continuous treatments. Igepon was degraded rapidly by microorganisms within 2 days, with a half-life of <1 hour. The maximum survival was recorded for P. aeruginosa, which persisted in the environment surrounding the wheat for 70 days and the lettuce for 28 days. E. coli and S.
aureus were reduced to below the detection limits within 35
days. According to this study, the detergent might not pose any potential growth risk to certain plants. However, the survival of some pathogenic bacteria on the irrigated plants would represent an important source and cause severe disease for plants, animals and humans.
It has been reported previously that bacteria can survive in stressful conditions by entering a viable but nonculturable and Shigella spp. in soil irrigated with treated greywater and that irrigated with freshwater (control). The study was conducted for 6 months and revealed that the abundance of these bacteria in the greywater and freshwater irrigated soils did not differ. Based on these results, they suggested that greywater irrigation has no effect on the diversity and The study investigated the association between bacteriophages of Aeromonas caviae, Enterobacter sp. and K.
pneumoniae in water and the contamination sources (human vs. animals) in Thailand. The study found that bacteriophages were detected in polluted samples from human faecal sources but not in non-polluted samples. The presence of A. caviae was associated with human faecal sources, whereas Enterobacter sp. and K. pneumoniae were prevalent in human and animal faecal sources.
In general, the concerns in terms of health risk related to the reuse of greywater in irrigation lie in the potential of these pathogens for regrowth or persistence and transference into the food chain (Rose et al. ) . For instance, the ability of P. aeruginosa to regrow in greywater makes it an opportunistic pathogen of concern for greywater reuse (Winward et al. a) . Hence, the strategy of greywater reuse for irrigation purposes is subject to strict regulation in developed countries (Table 1) . In contrast, although developing countries also have strict regulations for the reuse of greywater in agriculture, these countries lack the developed techniques and the power to enforce such regulations. Therefore, surface irrigation, which is not permissible in developed countries, is the most common use in developing countries.
In comparison, black water with high concentrations of pathogenic bacteria would appear to have a higher risk to humans than greywater. It has been demonstrated that the irrigation of fresh vegetables by black water represents the main cause of diarrhoeal disease due to the high microbial load in the vegetables even after the washing process (Ronner & Wong ) . The movement of pathogenic bacteria through the soil and the contamination of Table 1 | Regulations for irrigation process by greywater
Country
Regulations for irrigation process by greywater USA (i) No surface irrigation is allowed (ii) No surface application of greywater is allowed for irrigation of food plants, except for citrus and nut trees (iii) Greywater should be free from hazardous chemicals such as from washing greasy items, cleaning car parts, oily rags, or home occupational activities (iv) The direct discharge of greywater into the main sewage system is not allowed (v) Greywater applied by surface irrigation should not contain water from washing diapers or similarly soiled or infectious garments unless it is disinfected prior to irrigation Australia (i) Sub-soil irrigation and sub-surface irrigation are used in irrigation by primary treated greywater (ii) Surface spray irrigation, sub-strata drip irrigation, and sub-surface drip irrigation are used in irrigation by secondary treated greywater Canada (i) No contact between the greywater and the people around will be allowed (ii) It should be a simple system that requires minimum maintenance WHO Class (A) Irrigation of crops likely to be eaten uncooked, sports fields, public parks Class (B) Irrigation of cereal crops, industrial crops, fodder crops, pasture and trees Middle East countries In Tunisia, Morocco and United Arab Emirates (UAE), greywater and sewage effluents have been used for irrigation of gardens in urban centres and tourist facilities. Abu Dhabi has a clear reuse strategy for treated wastewater. The high quality effluent is reused only for irrigation of green spaces in the city Egypt has adopted the regulation of wastewater reuse based on irrigation techniques, requirements for health protection. According to these regulations, the reuse of wastewater is not allowed for any edible crops or export crops. However, both crops are irrigated by wastewater regardless of the treatment level due to the absence of the advanced technologies required to produce high quality wastewater In Saudi Arabia the regulations for reuse of different wastewaters in agriculture were released in 2000. The treated wastewater for landscape irrigation and agriculture purposes shall be of tertiary quality Some countries, such as Yemen and Syria, have strict regulations for reuse of greywater but none of these are in force due to the absence of facilities 
STANDARD LIMITS FOR THE TREATMENT OF GREYWATER
In order to ensure the safe reuse of greywater, these wastes should meet certain limits. In some countries, there is a quality safety plan and alternative systems of treatment of greywater (Wurochekke et al. c) . Currently, many countries have regulated the microbiological standards for greywater reuse ( 
DISINFECTION PROCESSES OF GREYWATER
The disinfection technologies aim to eliminate the microbial loads of greywater that might pose a potential risk for humans and plants, and thus provide safe and aesthetically acceptable greywater that is appropriate for the purpose of irrigation. These technologies include chemical (chlorination and ozonation), physical or mechanical (filtration processes) and radiation disinfection (ultraviolet (UV) irradiation). The degree of disinfection process proposed must take into account the type of reuse and the risk to the population of exposure (Matos et al. ) . In this section, the disinfection techniques for greywater are reviewed and discussed based on the efficiency in eliminating pathogenic bacteria and toxic by-products, and to reuse greywater for agricultural purposes. The advantages and disadvantages of disinfection processes for greywater are illustrated in Table 3 .
Chemical disinfection
Chlorination was the most common method for disinfection in the twentieth century because it was cheap and simple However, the free and combined chlorine residue is toxic; therefore, there is a requirement to de-chlorinate or to remove the chlorine before disposal to the environment.
Recently, many developed countries such as the USA have The problem of bacterial resistance to chlorine has been extended to include resistance to antibiotics. The authors reported that there is a correlation between the resistance to chlorine and antibiotics, as bacterial cells exposed to chlorine may acquire resistance to antibiotics (Murray et al. ; Shi et al. ) . In greywater, the ability of pathogenic bacteria to resist chlorine is due to the bacteria having been in contact with high concentrations of chlorine during the washing processes, thus, the efficiency of chlorination to eliminate these pathogens would be weak.
In order to increase the efficiency of chlorination, Santasmasas et al. () suggested that the disinfection of greywater by chlorination might be more effective if the greywater were treated using a biological oxidation process, as this would lead to degradation of organic matter and thus reduce the toxic by-products. In their study, the authors treated greywater in four stages: a screening process, in which the debris was separated; then biological oxidation to decompose the organics; a filtration process using ultrafiltration membrane technology; finally, the greywater generated was disinfected with chlorine. They showed that chlorination reduced the TC and FC by 6 log 10 CFU/100 mL and that the disinfected greywater met the standard limits recommended for reuse in irrigation. The samples were analysed using both culture and molecular methods based on DNA-based quantitative polymerase chain reaction (qPCR). The culture-based method revealed that the pathogenic bacteria were inactivated by chlorine.
However, the DNA-based analyses indicated that there was no significant difference between the pathogenic bacteria in the raw and disinfected greywater. and SYBR Green II (for FCM), and the viable and nonviable bacterial cells were distinguished by using SYBR Green II and propidium iodide dual staining (for FCM). In FCM and SPC, the Chemchrome V6 was used to distinguish the active bacterial cells, while 5-cyano-2,3-ditolyl tetrazolium chloride (CTC) was used in the MSP method. The study recorded significant correlation between total bacteria and active cells as determined by microscopy and FCM. In contrast, the correlation between bacterial counts and active cells was not significant, as determined using solidphase and FCM. Moreover, the culture-based method using R2A medium showed bacterial recovery after chlorination. Therefore, FCM might be a useful and powerful technique for drinking water production monitoring.
In general, chlorination has become an unacceptable process for disinfection of water due to the toxic by-products, bacterial resistance and bacterial regrowth after the disinfection process. Therefore, the alternative technology used is ozonation. However, the responses of microorganisms to ozonation have been reported to be similar to those of chlorination (Xu et al. ; Vital et al. , ) . The filter unit consisted of two filters in series. The filters (R1 and R2) were composed of 10 cm of crushed gravel under-drain (for the sedimentation process) and graded crushed lava rock (2.56-5 mm for the first filter and 1.18-2.56 mm for the second filter). Crushed lava rock was chosen in the study as it has a higher specific surface area and porosity compared to sand and gravel (Kalibbala et al. ; Sekomo et al. ) . The hypothesis for treatment was based on a two-step design; the primary treatment of greywater was performed by R1, while the secondary treatment was performed by R2. Katukiza and co-workers found that the sedimentation process did not reduce the bacterial loads. The TC, E. coli and Salmonella spp. counts did not differ significantly before and after the sedimentation process. The log reduction was 3.9, 3.8 and 3.2 after R1 and R2 for TC, E. coli and Salmonella spp. respectively.
Membrane filtration
However, the bacterial loads of the treated effluents did not meet the WHO guidelines for greywater. The concentration of E. coli in the treated effluents was 3.7 log 10 CFU/100 mL compared to 3 log 10 CFU/100 mL required by the WHO; in addition, the Salmonella spp. was 2.73 log 10 CFU/100 mL. Based on these results, the designed filter system was insufficient to reduce the pathogenic bacteria in greywater and to meet the international standards for reuse for agricultural purposes.
Molaei () studied four types of filtration system for the removal of Salmonella spp. and E. faecalis from artificial greywater in Sweden. These filters were biochar, bark, activated carbon and a mixture of bark and activated carbon.
The filtration systems were designed in column experiments (height 65 cm, diameter 4.3 cm) for 60 days. The biochar
filter was the most effective in removing Salmonella spp.
(3 log reductions). The efficiency of the bark and filter mixture ranged from 1 to 2 log reductions. The activated carbon filters exhibited the highest efficiency for removing Salmonella spp. and E. faecalis (7 vs. 5 logs, respectively). The high removal of active carbon appeared to be efficient for the disinfection of greywater. However, this efficiency was recorded during the first week and decreased significantly after 15 days to 1 log reduction. After 30 days of the filtration process, the concentration of Salmonella spp. increased to >3 log 10 CFU/100 mL. For all the filter types investigated, the efficiency percentage reduced after 1 week of the disinfection process. In order to achieve greater removal of pathogenic bacteria, the filter should be replaced every
week at least, which means that the current disinfection process would be more expensive to apply to land.
Bani-Melhem et al. () evaluated a submerged membrane bioreactor (SMBR) system (pore size of 0.04 mm)
for removing TC and FC from greywater in Jordan. The SMBR was operated for 42 days at constant transmembrane pressure (13 kPa). They noted that 99.99% of the TC and FC concentration was removed and that the greywater met the standard limits recommended for reuse in irrigation.
According to the above literature, the disinfection of greywater using membrane filtration has some efficiency for the removal of pathogenic bacteria. However, these technologies have many disadvantages. Membrane filtration is less effective in highly polluted greywater and requires constant maintenance. This technology is not able to remove dissolved organic matter, and does not cause any physical or chemical damage to bacterial cells. Hence, the remaining bacteria in the disinfected greywater might grow and multiply again.
Solar disinfection
The disinfection process, which does not lead to complete damage of the bacterial cells to prevent regrowth after the disinfection process, would be inadequate. For instance, reported that the population of antibiotic-resistant bacteria in water increases when exposed to low doses of UV light or chlorine. Therefore, the selection of the disinfection process for greywater should be in terms of being free from toxic by-products and having the ability to completely destroy bacterial cells.
The potential for bacteria to regrow depends on the inactivation mechanism caused by the disinfection process. The disinfection of greywater through the use of plant products that have antimicrobial properties was studied by (Burt ) . As yet, toxic by-products generated from the disinfection process using EOs have not been reported. However, in this study, the authors reported that disinfection with origanum EO was limited by organics. Thus, they indicated that disinfection by origanum EO would be more effective for preventing bacterial regrowth at a low concentration if the greywater was treated by a MBR (Jefferson et al. ) . Otherwise, high concentrations of origanum EO should be used. Finally, the authors concluded that the disinfection of greywater with EOs appears to be impractical due to the land area required to produce sufficient origanum EO and the anticipated costs.
STORAGE OF GREYWATER
The storage of greywater is an important element in all greywater recycling systems. Clearly, water needs to be stored until its utilization. However, the microbial load of the stored water needs to be evaluated carefully. Rose et al.
() reported that coliform bacteria increased to 1 and 2 log 10 CFU/100 mL during the storage period over 48
hours reported that the storage system for secondary effluents should not be more than 2 weeks due to the increase in antimicrobial resistance among the surviving bacteria. They noted that after 4 weeks of storage, the concentrations of TC and Salmonella spp. reduced. However, the resistance to ampicillin, amoxicillin, cephalexin, cefuroxime and ciprofloxacin increased significantly among these bacteria.
The microbiological qualities of greywater during the storage period depend on the nature of these waters. The potential of pathogenic bacteria to multiply and grow in the treated water is less than that in untreated waters. Nevertheless, this potential will rely on the nature of the treatment processes and storage conditions of the treated waters. The 
CONCLUSIONS
Greywater is considered to be an alternative resource for irrigation. These waters have lower microbial loads than sewage. However, there is still a potential health risk. Therefore, effective disinfection processes rely on the ability to divert microbial cells rather than inactivation only.
Advanced technical analysis to evaluate the viability of microbial cells in greywater is required before the reuse of disinfected greywater for agriculture proposes.
